ABSTRACT: During a period of 8 d in late September and early October 1992, 5 grazing experiments were carried out in an area off the coast of Morocco. Water was collected from the depth of the chlorophyll maximum and fed to copepods of either 500 to 1000 pm or 200 to 500 pm in size. Two chlorophylls and 2 carotenoids dominated the pigment composition of the particulate material: chlorophyll (chl) a; chl c (c, + cz); fucoxanthin and 19-hexanoyloxyfucoxanthin. Initial concentrations of chl a in experiments were between 0.4 and 2.2 pg I-' and those of chl c were between 0.04 and 0.54 pg 1-' Initial concentrations of fucoxanthin were between 0.1 and 1.1 pg I-' and those of 19-hexanoyloxyfucoxanthin between 0.07 and 0.32 pg 1-l. The ratio of fucoxanthin:l9-hexanoyloxyfucoxanthin varied between 0.3 and 15 (w/w). The fucoxanthin was probably associated with diatoms and the 19-hexanoyloxyfucoxanthin w~t h prymnesiophytes. Some chl a-derived fluorescent breakdown products were found in faecal pellets collected after grazing, but neither fucoxanthin nor 19-hexanoyloxyfucoxanthin were present. Hence these carotenoids were destroyed following ingestion by copepods, so that decreases in their concentrations in the incubation medium could be used to measure grazing rates on the different types of phytoplankton independently. In this way it was shown that copepods 500 to 1000 pm in size fed preferentially on diatoms, and that their overall feeding rate was depressed when fucoxanthin: 19-hexanoyloxyfucoxanth~n ratios were relatively low. By contrast, copepods 200 to 500 pm in size fed randomly or preferred the prymnesiophytes. When chl a concentrations were initially < 1 pg I-', then for both size ranges of copepods, only a very small proportion (< 10%) of the ingested chl a was converted into a-type phaeopigments, the rest apparently being destroyed during digestion. In one case, however, when copepods 200 to 500 pm were fed with water in which the initial chl a concentration was > 2 pg I-', about 30% of ingested chl a was recovered in a-type phaeopign~ents.
INTRODUCTION
Measurements of chlorophyll (chl) a and phaeopigment, made using a Turner fluororneter, have shown that when phytoplankton are ingested by copepods, some proportion (range 10 to 90%) of the chl a that they contain is defecated in faecal pellets as phaeopigment, while the rest is degraded further into undetectable products (Head 1988 , Lopez et al. 1988 , Penry & Frost 1991 . These results have been criticised, however, because interference by other pigments may lead to inaccuracies in the calculated concentrations of the a-type chlorophylls and phaeopigments. More recently, analysis of pigment composition by high performance liquid chromatography (HPLC) has shown that Calanus spp. grazing on diatoms transformed between 10 and 80% of the chl a they ingested into varying proportions of pyrophaeophytin a and pyrophaeophorbide a, and the rest into unidentifiable or undetectable products (Head & Harris 1992) . In these experiments ingested chl c (c, + C*) was more extensively degraded than chl a, so that only small quantities of pyrolized demetallated product were ever found in faecal pellets. In addition, the copepods also metab-olized the carotenoids present in the algae, so that ingested fucoxanthin was completely absent from faecal pellets, and diadinoxanthin concentrations were very low. These latter findings contradict the results of previous studies which suggested that carotenoids might be more resistant to digestion than chlorophylls during passage through copepod guts (Kleppel et al. 1988 , 1991 , Nelson 1989 .
Between September 28 and October 7, 1992, the Biological Oceanography Division of the Bedford Institute of Oceanography conducted a 'JGOFS' study in an area of upwelling off the coast of Morocco. The phytoplankon concentration and community structure within the sampling area were very variable (E. J . H. Head, W. G. Harrison, B. Irwin & E. P. W. Horne unpubl.). The depth of the chlorophyll maximum varied between the surface and 30 m and the chl a concentration at that depth varied between 0.58 and 2.24 pg 1-'. In 4 profiles taken on September 30 and October 2, 4 and 5, deta~led pigment analysis by HPLC showed that concentrations of 19-hexanoyloxyfucoxanthin were always between 0.1 and 0.2 pg 1-I in the 0 to 30 m depth range, and that about bU 7; of the i9-nexanoyioxyiucoxanii~ir~ wds dssociaied with cells of less than 1 pm in size. Fucoxanthin concentrations in these 4 profiles were more variable in the top 30 m, with a range of about 0.10 to 0.85 pg 1-'. The highest concentrations of fucoxanthin were associated with near-surface chlorophyll maxima and with cells of which about 80 % were larger than 1 pm and about 60 % smaller than 53 pm in size. Carotenoids, and to a lesser extent chlorophylls, are distributed amongst the algae along taxonomic lines (Rowan 1989) . Fucoxanthin is most often found in association with diatoms, while 19-hexanoyloxyfucoxanthin is usually associated with prymnesiophytes. Thus, the phytoplankton community in this area consisted of mixtures of varying proportions of prymnesiophytes, which were small, and diatoms, which were larger.
As part of our 'JGOFS' program, we carried out grazing experiments in which copepods in the 500 to 1000 pm and 200 to 500 pm size ranges were fed with natural seawater. Pigment analysis by HPLC is routine in these studies so that there can be unequivocal estimates of the degree of chl a destruction which occurs during grazing, which can be used to convert estimates of in situ copepod defecation rates to in situ ingestion rates (SCOR 1990a) . In this case, however, because the phytoplankton was comprised of mainly 2 types, which had different carotenoids associated with them, and because, as we will show below, the copepods destroyed all of the 19-hexanoyloxyfucoxanthin and fucoxanthin that they ingested, changes in the concentrations of these carotenoids in the water could be used to measure consumption rates for prymnesiophytes and diatoms independently.
MATERIALS AND METHODS
Sample collection. Copepods and water were collected for Expts 1 to 5 on September 30 and October 2, 4, 5 and 7. The copepods were collected using a 200 pm mesh ring net of 0.75 m diameter, which was towed vertically between 120 m and the surface. Immediately following capture the copepods were screened through a 1 mm (Expts 1 to 3) or a 500 pm mesh (Expts 4 & 5) on to a 500 pm (Expts 1 to 3) or 200 pm (Expts 4 & 5) mesh, immersed in a bucket of filtered (0.2 pm) seawater (FSW). They were then rinsed by transferring the screen to a second bucket of FSW. Finally the copepods were washed off into an 8 1 carboy of FSW. The carboy was immersed in a covered tank, through which surface seawater was continuously running. Seawater to be used to feed the copepods was collected using a 30 1 Niskin bottle from near the depth of the chiorophyll mdxin~um. it was kepi in carboys in the covered tank until the experiments were set up. Copepods and water were collected between 19:30 and 20:15 h. Expeiiiiieii:~: i;rocedures. E~p c r i~c n t a ! prccedmes were very similar to those used by Head & Harris (1992) . At about 22:30 h the seawater to be fed to the copepods was screened using a 53 pm mesh, to remove particulates similar in size to the faecal pellets which were to be collected after the experiments. The screened seawater was divided between three 8 l plastic carboys. Samples of copepods, which had been incubated in FSW for about 3 h, were concentrated on a 500 pm (Expts 1 to 3) or 200 pm (Expts 4 & 5) mesh, and divided into 2 equal portions. The portions were added to 2 of the carboys of food, which were then inverted several times. The third carboy, containing no copepods, was the control. Immediately following the addition of the copepods to a carboy, a subsample (2 1) was drawn off and filtered through a 500 pm (Expts 1 to 3) or 200 pm (Expts 4 & 5) mesh. The copepods so collected were rinsed and filtered on to Sharkskin filters, and placed in a freezer (-20°C), for subsequent gut pigment analysis using a Turner fluorometer. Subsamples of the water, from which the copepods had been removed, were then filtered on to GF/C filters for the determination of pigment concentration using HPLC (500 ml). The controls were subsampled in the same way as the experimental carboys had been. All operations were carried out under conditions of subdued light. Filters were stored in liquid nitrogen until HPLC analysis in the laboratory 1 to 2 mo later. The feeding incubations were carried out in the dark at 20°C which was within 2°C of the ambient surface water temperature. After 8 h (at about 07:OO h) the carboys were gently inverted several times and subsamples (2 1) were drawn off and treated as they had been at the begining of the experiment. The volumes remaining in the carboys which had contained copepods were then measured and the copepods were screened off using either a 500 pm (Expts 1 to 3) or 200 pm (Expts 4 & 5) mesh and preserved (2 % formalin) for enumeration and species identification. The water remaining from both of the experimental carboys was then combined. After concentration to about 2 1 by reverse filtration (53 pm), the water was sieved through a 76 pm (Expts 1 to 3) or 53 pm (Expts 4 & 5) mesh, to collect the faecal pellets which had been produced during grazing. The faecal pellets were rinsed briefly (FSW), resuspended in FSW (500 ml), mixed thoroughly, but gently, and then subsampled by filtration on to GF/C filters for pigment analysis by HPLC (350 rnl).
Sample analysis. Measurement of chlorophyll and phaeopigment concentrations in copepod guts were made using a Turner fluorometer, as has been described previously (Head 1992 ). Analysis of pigments was carried out using a Beckman HPLC system, as described by Head & Horne (1993), using a method based on that of Gieskes & Kraay (1989). All recognized phaeopigments are reported as their respective chlorophyll equivalent weights, and unknown fluorescent peaks, having retention times close to those of known phaeophorbides or phaeophytins, were quantified as if they were phaeophorbide a-like pigments.
RESULTS
Copepods from 4 genera constituted over 68 % of the communities in the 500 to 1000 pm size range (Expts 1 to 3): Temora, Calanus, Nannocalanus and Centropages (Table 1) . Copepods included in the 'Other ' category in this size range were generally small calanoids, so that the average weight per copepod was lower in Expts 2 & 3, where the number of unidentified individuals was between 18 and 31 %, than in Expt 1, where the number of unidentified copepods was 3 or 4 % Unidentified calanoids made up over 77 D/o of the copepods in the 200 to 500 pm size range in Expts 4 & 5.
The 4 most abundant pigments in all of the experiments before grazing were: chl a, fucoxanthin, 19-hexanoyloxyfucoxanthin and chl c (Figs. 1 & 2, Table 2 ).
Together they always made up between 73 and 91 % of the total pigment. The next most abundant pigments were diadinoxanthin, chl b and zeaxanthidlutein (not resolved in our system). If these had been included in the calculations then these 8 pigments would have made up between 85 and 97 % of the total pigment. In Expts 1 to 3 copepods were fed with water in which the initial concentration of chl a was less than 0.75 pg 1 -l , and in which the fucoxanthin:19-hexanoyloxyfucoxanthin ratio (w/w) was either about 1 (Expts 1 & 2) or 4 (Expt 3). In Expt 4 the initial concentration of chl a in the water was over 2 pg 1-' and the ratio of fucoxanthin:19-hexanoyloxyfucoxanthin was over 15 (w/w). In Expt 5 the initial chl a concentration was about 0.8 pg 1-' and the ratio of fucoxanthin:19-hexanoyloxyfucoxanthin was about 0.3 (w/w). Faecal pellets from large and small copepods were not very abundant and were pale in colour and apparently contained only very low levels of pigments ( Figs. 1 & 2) . Carotenoids could not be identified or quantified properly because of their low concentrations, but because the fluoresence detector is more sensitive than the UV-visible detector, the fluorescent pigments were more easily recognized. The low levels of chl a, b and c seen in pellet samples may have been (19, 20) carotenes; (21) pyrophaeophytin a. Note that Peak 14, which had a retention time unlike that of any common algal pigment, was present in all samples (but not solvent blanks) and always gave the same peak height and area. For this reason we thlnk that it was a contaminant on the GF/C filters, which had not been pre-baked and might therefore have contained traces of organic material present because of contamination by a few intact algal cells, but these were not obvious when the faecal pellets samples on GF/C filters were examined under the microscope. Pyrophaeophorbide a, a product known to be produced by copepods from chl a (Head & Harris 1992 , Head & Horne 1993 , was present in pellets from both size classes of copepods. A fluorescent peak with a retention time appropriate for a pyrophaeoporphyrin c-like pigment (Head & Harris 1992 ) was also seen in faecal pellets from the larger copepods (Fig. 1) . Otherwise there were 2 unidentified fluorescent peaks in the phaeophorbide region of the chromatograms, which occurred in different proportions in the 2 types of pellet (Peaks 3 & 4; Figs. 1 & 2) . Three phaeophytins were also present in trace quantities. Because faecal pellets contained undetectable quantities of carotenoids and insignificant concentrations of intact chl a and c, changes in the concentrations of these 4 pigments in the incubation medium could be used as measures of grazing on each pigment. In the control carboys the concentrations of all of the pigments changed by less than 16% during the incu- bation period, and usually by less than 10 %. In general the changes in control carboys were small compared with the decreases in the concentrations of pigments which occurred in experimental carboys during grazing (Table 2) . Changes in controls were ignored in calculations of ingestion and apparent filtration rates (Table 3) , which were made according to the equations of Frost (1972) , as modified by Marin et al. (1986) . The term 'apparent' filtration rate is used in Table 3 to indicate that it should be recognized that when copepods are grazing selectively the simple meaning of the term filtration rate does not really apply. Comparisons of the percent consumption of species or class specific pigments in the diet (i.e. fucoxanthin and 19-hexanoyloxyfucoxanthin) can be used to assess grazing selectivity, but since both chl a and c are present in both pryrnnesiophytes and diatoms, percent consumption on these pigments represents a combined value. Calculations of apparent filtration rates for the pigments can also be used to compare grazing activity on the different algae within an experiment, but in addition they can also be used to compare overall grazing activity between experiments. In the first 3 experiments, the percentage of 19-hexanoyloxyfucoxanthin consumed by the large copepods was always much less than those of any of the other 3 pigments and percentages of chl a and c consumed were intermediate ( Table 3) . The apparent filtration rate on 19-hexanoyloxyfucoxanthin was also lower in all 3 experiments, but in addition, all filtration rates were substantially higher in Expt 3, where the ratio of fucoxanthin:19-hexanoyloxyfucoxanthin was 4, as compared with Expts 1 & 2, where it was about 1. In Expts 4 & 5 the percentage of 19-hexanoyloxyfucoxanthin consumed by the small copepods was similar to (Expt 4 ) , or higher than (Expt 5 ) , those of all of the other pigments, and filtration rates showed no discernible differences between experiments, although there was a 50-fold change in the fucoxanthin:19-hexanoyloxyfucoxanthin ratio. Pigment concentrations in copepod guts were negligible in all experiments both at the begining and end of the incubation period. For calculations of the degree of chl a destruction during grazing presented in Table 3 , the amount of chl a (plus isomers) consumed was compared with the increase in the sum of the amounts of phaeopigments before and after grazing in Peaks 3, 4 , 8, 17, 18 and 21 (Figs. l & 2) , which were either known (Peaks 8, 18 & 21), or assumed (Peaks 3, 4 & l?), to be a-type phaeopigments. In Expt 1 no phaeopigments were detectable before or after grazing, but because the detection limit for a-type phaeopigments in our system was approximately 10 ng 1 -I (in the incubation medium), this value was used to estimate a minimum value for the degree of destruction. In Expts 2 & 3 the concentrations of the unknown phaeopigments (Peaks 3, 4 & l?; Figs. 1 & 2) were also undetectably low in the water after grazing. In Expt 2, the calculation of the degree of chl a destruction gave a value of > 100% because there were low levels of phaeophytin a in the water before grazing which decreased in experimental bottles during grazing, which were not compensated for by increases in concentrations of other a-type phaeopigments. In Expts 4 & 5 the unknown phaeopigments, which were assumed to be a-type phaeopigments, accounted for 10% and 2 3 % , respectively, of the total a-type phaeopigment. If the unknown phaeopigments had been excluded from the budget calculations then the degree of chl a destruction would have been 70 % and 94 % in Expts 4 & 5, respectively.
DISCUSSION
Food concentration and previous feeding history both affect the degree of chl a destruction which occurs when copepods feed on algae in incubation experiments and also, perhaps, in situ (Penry & Frost 1991, Head 1992 , Head & Harris 1992 ). Destruction appears to be relatively extensive when copepods are fed at low food concentrations, and when they have been feeding for some time before experimentation. By contrast, destruction seems to be less extensive when copepods are fed at high concentrations, or have been starved for an extended period (24 h) before feeding. In our present study the copepods were starved for only 3 h before feeding and the degree of destruction of chl a during digestion was very high when food concentrations were < 1 pg I-', and lower when the food concentration was > 2 pg 1-' (Tables 2 & 3) . These results are consistent with previous findings, although it is possi.ble that pigment destruction was actually less extensive in situ than it was in these experiments, because elsewhere it has been suggested that copepods which had been starved for 12 h prior to feeding, destroyed ingested chl a to the same extent as they did in situ (Head 1992) . The faecal pellets that we collected contained undetectably low levels of chl c and fucoxanthin, confirming our previous suggestion that these pigments are more extensively degraded than chl a during digestion by copepods (Head & Harris 1992 ). In addition, however, in this case we have shown that ingested 19-hexanoyloxyfucoxanthin was also completely destroyed during grazing. Fucoxanthin and 19-hexanoyloxyfucoxanthin share similar chemical structures, so that it is not surprising that both should be degraded to the same extent during digestion. The presence of intact carotenoids in copepod guts or faecal pellets in other studies has suggested that pigment analysis might provide a method of looking at in situ dietary selection (Kleppel et al. 1988 (Kleppel et al. , 1991 , but our results do not support this idea. Even if pigment (including carotenoid) degradation was not as complete for copepods grazing in situ as it was in these Feeding selectivity has often been observed for copepods grazing on mixtures of algae or on natural particulate material. When fed mixtures of cultures and non-living particles (e.g. polystyrene beads or heat-killed algae), copepods often prefer larger particles (Frost 1972 , Donaghay & Small 1979 , DeMott 1989 , although they may reject large non-living ones (Donaghay & Small 1979) . They can also discriminate between algae of the same size on the basis of protein or nitrogen content (Libourel Houde & Roman 1987 , Cowles et al. 1988 , toxicity ) and digestibility (DeMott 1989) . When copepods feed on natural mixtures of particles they sometimes prefer larger ones (Allan et al. 1977 , O'Conners et al. 1980 , Ryther & Sanders 1980 , but often they choose those which are most abundant (Allan et al. 1977 , Poulet 1980 . They may also avoid distasteful (Hansen & van Boekel 1991 , Bautista et al. 1992 or toxic algal species (Huntley 1982) . Finally there is some evidence that larger copepods prefer larger food items, while smaller copepods or microzooplankton choose smaller ones (Nival & Nival 1976 , Harris 1982 , Strom & Welschmeyer 1991 , or feed non-selectively (Allan et al. 1977) .
In these experiments the large-sized copepods (i.e. those between 500 and 1000 pm) ate a greater percentage of the diatoms than of the prymnesiophytes (Expts 1 to 3; Table 3 ), and in profiles of the water column, in which Nuclepore and GF/F filters were used to size-fractionate and collect the particulate material, the diatoms were larger than the prymnesiophytes (Head et al. unpubl.) . By comparing the percent consumption of each pigment, however, we cannot deduce whether the copepods preferred diatoms over prymnesiophytes because they were bigger, or because of some other factor ('taste'). If, however, we consider filtration rate as an index of feeding activity, then in the 2 cases where the ratio of fucoxanthin:19-hexanoyloxyfucoxanthin was close to 1 (Expts 1 & 2) the filtration rates were quite similar for the same pigment in each experiment. In contrast, however, in Expt 3, where the fucoxanthin: 19-hexanoyloxyfucoxanthin ratio was 4, the filtration rates for all 4 pigments were higher. Now the lowest filtration rate for fucoxanthin was in Expt 1, whereas the lowest concentration of fucoxanthin was in Expt 2 (Tables 2 & 3) . Also the filtration rates for 19-hexanoyloxyfucoxanthin were lower in Expts 1 & 2 than in Expt 3, although it was the latter which had the lowest concentration of 19-hexanoyloxyfucoxanthin. Thus, for either type of food, it does not seem that we were seeing a threshold feeding concentration, below which the copepods did not feed on that type of food. Instead, from these results it seems that the presence of a large proportion of perhaps 'distasteful' prymnesiophytes may have depressed overall feeding activity by the copepods in Expts 1 K 2. Such an effect has been seen elsewhere for Calanus pacifjcus grazing on pure and mixed cultures of acceptable or unacceptable dinoflagellates which were of similar size ). In these experiments we do not know which species of prymnesiophyte was (or were) present, but elsewhere the large colonial gelatinous prymnesiophyte Phaeocystis spp. was apparently avoided by copepods (Hansen & van Boekel 1991 , Bautista et al. 1992 . In areas near to our sampling area the coccolithophorid prymnesiophyte Emiliana huxleyii was abundant in May and June 1990 (van Bleijswijk et al. 1991) . Coccoliths from E. huxleyii and other species have been found in copepod faecal pellets (Bathmann et al. 1987 , Voss 1991 , suggesting that they are consumed, but individual coccoliths in these instances were over 1 pm in diameter and intact cells 4 to 5 times larger, whereas here much of the prymnesiophyte pigment 19-hexanoyloxyfucoxanthin was apparently associated with particles < 1 pm in size (Head et al. unpubl.) . It is unfortunate that taxonomic analysis of phytoplankton was not part of our sampling program, but our experiments have still demonstrated feeding selectivity by copepods in the 500 to 1000 pm, which may have influenced the overall phytoplankton community structure in this area (E. J. H. Head & L. R. Harris unpubl.) .
The copepods in the 200 to 500 pm size range consumed a slightly higher proportion of prymnesiophytes than of diatoms in Expts 4 & 5, but despite a 50-fold difference in the ratio of fucoxanthin:19-hexanoyloxyfucoxanthin between the 2 experiments, there were no differences in filtration rates for any of the pigments (Tables 2 & 3) . Thus it appears that the copepods in this size range were not feeding very selectively, although they may have favoured the apparently smaller prymnesiophytes, especially in Expt 5 where they were most abundant.
Pigment analysis by HPLC has been used to study selective grazing by microzooplankton (Burk~ll et al. 1987 , Strom & Welschmeyer 1991 , which destroy ingested carotenoids, but this is the first case in which the technique has been used for larger crustacean zooplankton. The advantages of using HPLC analysis for examining grazlng selectivity are, firstly, that it is much less time-consuming than counting cells under a microscope and, secondly, that it allows one to examine grazing on different types of cell, which might not be distinguished by electronic particle counting, which differentiates particles solely on the basis of size. If HPLC pigment analysis were to be used on particulate material which had been appropriately size-fractionated before and after grazing, then both cell-size and cell-type grazing preferences could be distinguished. The method depends on knowledge of the pigment composition of the faecal pellets, to ensure that any particular pigment is, in fact, destroyed during grazing. This is can be accomplished within the experiments themselves, as shown here, and is a worthy aim in itself because at present our knowledge of the pathways of pigment degradation by copepods is still rather limited, and following pigment markers might provide a useful way to evaluate the role of copepods in pigment and carbon flux in the ocean (SCOR 1990b , Head & Horne 1993 .
